
REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden tor this collection at information is estimated to average 1 nour per response, «eluding me time tor reviewing instructions, searcnng existing oaia sources, 
gathering and maintaining the data needed and, completing and reviewing the collection cf informaiiort. Send comments regarding this burden estimate or any other aspect ot this 
collection ol information including suggestiuns lor reducing this burden to Washington Headquarters Services. Directorate for information Operations and Reports, 12IS Jefferson 
Davis Highway. Suite 1204. Arlington, VA 22202-4302 and to the Office ol Management and Budget. Papenwrit Reduction Project (0704-0188) Washington. DC. 20503 

1. AübNCY Uüb ONLY (Leave oisnK) S.HbPOHl ÜAIL-  

April 6,1999 
3.HEP0P.I IVPbANUUAIbSCuVbHED 
Technical Report 

). r-UNÜlNü NUMBEHÜ  

N00014-98-1-0485 
98PR05020-00 

TTmTTTJirsüCTnTP  
Syntheses of Diaza-18-Crown-6 Ligands Containing Two Units 
Each of 4-Hydroxyazobenzene, Benzimidazole, Uracil, 
Anthraquinone, or Ferrocene Groups  

5. AUTHÜHISI 

Ning Su, Jerald S. Bradshaw, Xian X. Zhang, Paul B. Savage, 
Krzysztof E. Krakowiak, and Reed M. Izatt 

7. PbHr-OHMINÜ ÜHÜANIZAIION NAME(S) AND ADDHtSS(t'S) 

Department of Chemistry and Biochemistry 
Brigham Young University 
Provo, UT 84602 

Ü. PbHr-OHMINU OHÜANIZAIIUN HbPUHl 
NUMBER 

Technical Report No 8 

9. SP0NS0HINÜMWITOWNS AÜENCV NAMEISI ANU AUUHki»i»(bi») 

Dr. Kelvin Higa (Program Director) 
Office of Naval Research 
800 No. Quincy Street 
Arlington, VA 22217-5000 

t.SUPPLbMbNIAHVNOIbbi  

10. SSPONgOaiNÜMJNI IÜHINÜ   AübNOV'" 
REPORT NUMBER 

1 2a. ÜK» IHIÜU IIONAVAILAblLI IY SIAI bMb.N I 

Approved for public release; distribution unlimited 

I2b. UlüIHIBUIIONOOUb 

1.1. AUMUACi (Maximum iuOwordil 

Six diaza-18-crown-6 ligands each containing two aromatic side arms with responsive 
functions were prepared. Diaza-18-crown-6 containing two 4-hydroxyazobenzene or two 4- 
hydroxy-4'-(dimethylamino)-azobenzene (3 or 4) substituents were prepared via a one-pot 
Mannich reaction. Diaza-18-crown-6 containing two benzimidazole (5), two uracil (6) or two 
9,10-anthraquinone (7) substituents were prepared by treating the diazacrown with the 
appropriate chloromethyl-containing compound. Reductive amination using sodium 
triacetoxyborohydride, diaza-18-crown-6 and ferrocenecarboxaldehyde was used to prepare 
bisferrocene-substituted diaza-18-crown-6 (8). Interactions of compounds 3, 5, and 6 with Na+, 
K+, Ba2+, Ag+, and Cu2+ were evaluated by a calorimetric titration technique at 25° in methanol. 
All three ligands form more stable complexes with Ag+ and Cu2+ (5 forms a precipitate with Ag+) 
than with Na+ and K+. Ligand 5 also forms a highly stable complex with Ba2+. 

14.5UBJb0l TbHMS" \L NUMBER OF PAGES 

U.SbaiHIIVOASSIHCAIION 
OF REPORT 

Unclassified 

la.SECUHnYCU^IHCAIION 
OF THIS PAGE 

Unclassified 

läiSbCUHIlYCLASÜlr-ICAIIÜN 
OF ABSTRACT 

TS-PFnCETDDr 
NA 

Unclassified Unlimited 



OFFICE OF NAVAL RESEARCH 

Grant N00014-98-1-0485 

Technical Report No. 8 

Syntheses of Diaza-18-Crown-6 Ligands Containing Two Units 
Each of 4-Hydroxyazobenzene, Benzimidazole, Uracil, 

Anthraquinone, or Ferrocene Groups 

by 

Ning Su, Jerald S. Bradshaw, Xian X. Zhang, Paul B. Savage, 
Krzysztof E. Krakowiak, and Reed M. Izatt 

Department of Chemistry and Biochemistry, 
Brigham Young University, Provo, UT 84602 

April 6,1999 

Reproduction in whole or in part is permitted for 
any purpose of the University Government 

This document has been approved for public release 
and sale; its distribution is unlimited 

19990412 046 
BUS 8IA£lf¥ INSPECTED 8 



Syntheses of Diaza-18-Crown-6 Ligands Containing Two Units Each of 4- 

Hydroxyazobenzene, Benzimidazole, Uracil, Anthraquinone, or Ferrocene Groups 

Ning Su, Jerald S. Bradshaw, Xian X. Zhang, Paul B. Savage, 

Krzysztof E. Krakowiak, and Reed M. Izatt 

Department of Chemistry and Biochemistry 

Brigham Young University, Provo, UT 84602 



Introduction. 

We are interested in developing ion-selective chemosensors to monitor metal ion 
concentrations in a variety of aqueous solutions. Chemosensors are small molecules that bind 
selectively the desired analyte with measurable concomitant changes in the physical properties of 
the system. Chemosensors have been studied in which complexation has been shown by changes 
in fluorescence [1,2], uv-vis absorption spectra [3,4] or redox potentials [5]. In an effort to 
develop new selective chemosensors for metal ions, we have prepared macrocycles appended 
with chelating fluorophores, chromophores or ferrocene units. The macrocyclic portions of the 
new compounds are expected to provide ion-selective binding while the appended groups offer 
measurable changes in photophysical or redox properties indicating ion complexation. 

For example, 8-hydroxyquinoline-containing ligand 1 (Figure 1), with the 8- 
hydroxyquinoline attached through its position 7, is selective for Mg2+ over other alkali and 
alkaline earth cations [6]. Ligand 1 can serve as an effective chemosensor for Mg2+ as it has a 
very strong luminescence band at 540 nm even in the presence of higher concentrations of other 
alkali and alkaline earth cations [7]. Ligand 2, on the other hand, with the 8-hydroxyquinoline 
attached through its position 2 forms only a weak complex with Mg2+ but it exhibits remarkable 
selectivity for K+ and Ba2+ over other metal ions. Indeed, 2 formed a pseudocryptand when 
complexed with Ba2+ as shown by the 'H nmr spectrum and an X-ray crystal structure [6]. 

The azacrown ethers containing various aromatic substituents are generally prepared by 
treating the azacrown with the halomethyl-substituted aromatic compound. The Mannich 
reaction has also been used to attach various phenolic compounds to the azacrown ethers [6b, 8]. 
Aromatic substituents have also been attached to azacrown ethers by reductive amination using a 
suitable aromatic aldehyde [9]. 

In this report, we describe the syntheses of diaza-18-crown-6 ligands containing two units 
each of 4-hydroxyazobenzene (3 and 4), benzimidazole (5), uracil (6), 9,10-anthraquinone (7) or 
ferrocene (8) groups (Scheme 1). Ligands 3 and 4 were prepared by the Mannich reaction, 5-7 
by treating the diazacrown with the appropriate chloromethyl-containing compound and 8 by 
reductive amination using ferrocenecarboxaldehyde. 

Results and Discussion. 

Most chromoionophores designed to be selective for metal ions are of the proton- 
ionizable type [10]. Interaction of the proton-ionizable group with a complexed metal ion is 
reflected by changes in the optical properties of the chromoionophore. In addition, the 



NH HN 

\_0       o—' 

<^X. 

Paraformaldehyde, 
Toluene/N, 

N^ 

X 

f 
N 

X       OH k,   oJ v_/ 
3 X = H (74%) 
4 X = NMe2 (88%) 

OH 

Ar-CH2CI 
C°    °">      5 Ar 

N N—\ 
<X* 

Diisopropylethylamine 
acetonitrile 

y—IN IN— 

A/? J Ar 
N 

(95%)      _ H 
Jk 

^^ 

7 Ar = 

Fe 
CHO 

Sodium 
triacetoxyborohydride' 
Dichloroethane 

6 Ar =  Hff    | 

(95%)      H 

(95%)   O 

-N N- 

N—'      8  (86% 

Fe 

Scheme 1. Synthesis of Diaza-18-crown-6 Containing Two Side Arms 



deprotonated form can form stronger complexes with metal ions than the neutral form. Ligands 
3 and 4 (Scheme 1) combine the complexation properties of proton-ionizable macrocyclic 
ligands with the signaling properties of the azobenzene chromoionophore. These types of 
compounds have been prepared by first attaching phenol derivatives onto the azacrown followed 
by reaction with the appropriate diazonium salt [11]. Performing a coupling reaction on two 
phenol groups attached to a diazacrown ether would be much less efficient than attaching an 
already formed azo compound. For this reason, we attached 4-phenylazophenol and 4-hydroxy- 
4'-(dimethylamino)azobenzene to diaza-18-crown-6 by means of a one-pot Mannich reaction 
[12] to give 3 and 4, respectively (Scheme 1). 

Benzimidazole-containing ligand 5 was prepared by treating diaza-18-crown-6 with 2- 
(chloromethyl)benzimidizole in acetonitrile in the presence of AyV-diisopropylethylamine. 
Uracil-containing ligand 6 was prepared by treating diaza-18-crown-6 with 6- 
(chloromethyl)uracil. Anthraquinone-containing ligand 7 was synthesized by treating diaza-18- 
crown-6 with 2-(chloromethyl)-9,10-anthraquinone in the presence of AyV-diisopropylethlamine 
in acetonitrile as shown in Scheme 1. Ligand 8 [17], containing two ferrocene units, on the other 
hand, was synthesized by an efficient reductive amination process [9]. Ferrocenecarbox- 
aldehyde, diaza-18-crown-6, and sodium triacetoxyborohydride were stirred together for 12 
hours to give 8 in an 86% yield. Pure 8 was isolated by ultrasonicating the crude product in 
methanol followed by filtration. Separation by chromatography was not needed. 

Interactions of ligands 3, 5, and 6 with Na+, K+, Ba2+, Ag+, and Cu2+ have been evaluated 
by a calorimetric titration technique [13] at 25° in absolute methanol solution. The values of 
equilibrium constants (log K) and enthalpy (A//) and entropy changes (TAS) for these 
interactions are listed in Table 1. Because of the very low solubility of 4 and 7 in methanol, the 
thermodynamic quantities involving these two compounds were not evaluated. Ligand 6 has two 
uracil sidearms and shows weaker interaction with all metal ions studied than ligands 3 and 5. 
All three ligands form more stable complexes with Ag+ and Cu2+ (5 and Ag+ form a precipitate) 
than with Na+ and K+. 

Hydroxyazobenzene-containing ligand 3 shows a high selectivity for Ag+ (log K = 6.60) 
over Na+, K+, and Ba2+ and benzimidazole-containing ligand 5 shows high selectivities for Ba2+ 

(log K > 5.5) and Cu2+ (log K > 5.5) over Na+ (log K = 3.25) and K+ (log K = 3.67). The 'H nmr 
spectrum of the 5-Ba2+ complex suggests that the two benzimidazole rings and the macrocyclic 
ring are involved in complexation since nmr signals for one benzene hydrogen atom and various 
ring hydrogen atoms are shifted down field. Although the interactions of uracil-containing 6 
with the metal ions are weaker than those of 3 and 5, it still shows good selectivity for Ag+ and 
Cu2+over Na+,K+, and Ba2+. 

As compared with 8-hydroxyquinoline-containing ligand 2 [6], 5 likewise forms a highly 
stable complex with Ba2+ but the stability of the 5-Cu2+ complex is higher than that of the 2-Cu2+ 

one. Stability of Cu2+ complexes with 3 and 6 are much lower than that with 8- 
hydroxyquinoline-containing ligand 1 [6]. The K7Na+ selectivity demonstrated by 3 and 5 is 
close to that by 1 but much less than that by 2. 



Table 1. Log K, AH (kJ/mol), and TAS (kJ/mol) Values for Interactions of Macrocyclic 
Ligands •o" 

with Metal Ions in Methanol Solution at 25.0C 

ligand cation \ogK AH TAS 

l[a] Na+ 2.89 ±0.05 -14.1 ±0.8 2.4 
-5.0 
8.9 

-34.9 

2 [a] Na+ 3.74 ±0.01 -26.4 ±0.3 -5.1 
-20.4 
-6.5 
-89 

-2.4 
-11.4 
-8.4 

-24.6 
-36.7 

6.55 
-12.9 
>5.1 

>-24.6 

Na+ 2.89 ± 0.05 -14.1 ±0.8 
K+ 3.39 ±0.03 -24.4 ± 0.7 

Ba2+ 3.60 ± 0.05 -11.6 ±0.5 
Cu2+ 10.1 ±0.1 -92.5 ± 0.6 

Na+ 3.74 ± 0.01 -26.4 ± 0.3 
K+ 6.61 ±0.03 -58.1 ±0.1 

Ba2+ 12.2 ± 0.4 -76.1 ±0.7 
Cu2+ 4.7 ± 0.2 -116±4 

Na+ 2.44 ± 0.02 -16.3 ±0.5 
K+ 2.87 ±0.06 -27.8 ± 0.8 

Ba2+ 4.24 ± 0.07 -32.6 ± 0.8 
Ag+ 6.60 ± 0.05 [c] -62.3 ± 0.6 [c] 
Cu2+ 5.27 ± 0.08 -66.8 ± 0.8 

Na+ 3.25 ± 0.03 -12.0 ±0.7 
K+ 3.67 ± 0.02 -33.8 ±0.6 

Ba2+ >5.5 -26.3 ± 0.4 
Ag+ (Brown precipitate) 
Cu2+ >5.5 -56.0 ±0.7 

Na+ 
[b] 

K+. [b] 
Ba2+ 

[b] 
Ag+ 4.96 ±0.01 -51.8 ±0.3 
Cu2+ 4.18 ±0.06 -55.0 ±0.8 

-23.5 
-31.1 

[a] Reference 6b. 

[b] No measurable heat other than heat of dilution indicating that AH or/and log K is small. 

[c] Quantities were determined by competitive calorimetric titration. 



EXPERIMENTAL 

The 'H nmr spectra (300 MHz) and 13C nmr spectra (75 MHz) were recorded in 
deutereochloroform or perdeutereodimethyl sulfoxide. FAB ionization was used to record the 
high resolution mass spectra. Solvents and starting materials were purchased from commercial 
sources where available. 

General Procedure A for the Syntheses of Compounds 3 and 4 Using the One-pot Mannich 
Reaction [12]. 

An anhydrous toluene solution (180 ml) of 4,13-diaza-18-crown-6 (1.0 g, 3.8 mmole), 
paraformaldehyde (280 mg, 9.3 mmole), and the appropriate phenol (9.1 mmole) was refluxed 
for 20 hours.   The solvent was evaporated under reduced pressure and a small amount of 
methanol was added. The mixture was ultrasonicated for 20 to 30 minutes and the resulting solid 
was filtered and dried. 

General Procedure B for the Synthesis of Compounds 5-7 [14]. 

4,13-Diaza-18-crown-6 (1.0 g, 3.8 mmole), N.A'-diisopropylethylamine (2.7 ml, 15.3 
mmole), and the appropriate compounds containing chloromethyl groups (8.4 mmole) in 200 ml 
of acetonitrile were refluxed for 12 hours and cooled to room temperature. After standing 
overnight, the precipitate was filtered and dried. The product was further purified by 
ultrasonication in a small amount of methanol followed by filtration and drying. 

7,16-Bis(2-hydroxy-5-(phenylazo)benzyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (3). 

Compound 3 was prepared by general procedure A from 4-phenylazophenol to give a 
light yellow solid; mp 111-113°; yield 74%; 'H nmr 6: 2.92 (t, J= 5.2 Hz, 8H), 3.63 (s, 8H), 
3.70 (t, J= 5.2 Hz, 8H), 3.93 (s, 4H), 6.94 (d, J= 8.5 Hz, 2H), 7.47 (m, 6H), 7.65 (d, J= 2.0 Hz, 
2H), 7.84 (m, 6H); 13C nmr 8: 53.98, 58.64, 69.11, 71.00,117.05, 122.61, 122.97, 123.10, 
125.45, 129.21,130.30,145.98, 153.03, 161.74; hrmscalcd for C38H46N606(M+Na)+705.3357, 
found 705.3386. 

Anal. Calcd for C38H46N606: C, 66.84; H, 6.79. Found: C, 67.09; H, 6.75. 

7,16-Bis(2-hydroxy-5-(4'-dimethylaminophenylazo)benzyl)-1,4,10,13-tetraoxa-7,16-diazacyclo- 
octadecane (4). 

Compound 4 was prepared by general procedure A from 4-hydroxy-4'- 
(dimethylamino)azobenzene to give a yellow solid; mp 185-186°; yield 88%; 'H nmr 6: 2.90 (t, J 
= 5.2 Hz, 8H), 3.06 (s, 12 H), 3.63 (s, 8H), 3.56 (d, J = 5.2 Hz, 8H), 3.91 (s, 4H), 6.75 (d, 7= 9.0 
Hz, 4H), 6.91 (d, J= 8.6 Hz, 2H), 7.56 (d, 7= 2.2 Hz, 2H), 7.74 (dd, J = 2.2, 8.5 Hz, 2H), 7.81 
(d, J = 9.0 Hz, 4H); 13C nmr 6: 40.56, 53.96, 58.78, 69.19, 70.98,111.83,116.90, 122.27, 
122.85,124.47,124.51,143.94,146.40,152.07,160.25; hrms calcd for C42H56Ng06 (M+Na)+ 



791.4221; found: 791.4204. 
Anal. Calcd for C42H56N8O6-0.5H2O: C, 64.84; H, 7.38. Found: C, 64.80; H, 7.26. 

7,16-Bis(benzimidazol-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (5). 

Compound 5 was prepared by general procedure B from 2-(chloromethyl)benzimidazole 
to give a light yellow solid; mp 213-215°; yield 95%; 'H nmr 6: 2.82 (bs, 8H), 3.52 (m, 16H), 
4.08 (s, 4H), 7.15 (s, 4H), 7.36 (s, 2H), 7.68 (s, 2H), 11.64 (s, 2H); 13C nmr Ö: 54.25, 56.43, 
69.27,70.47,111.30,119.00,121.93,122.03,134.25, 143.75,154.49; hrms calcd for C28H38N604 

(M+Na)+ 545.2833, found 545.2860. 
Anal. Calcd for C2gH38N604: C, 64.35; H, 7.33. Found: C, 64.41; H, 7.22. 

7,16-Bis(uracil-6-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (6). 

Compound 6 was prepared by general procedure B from 6-(chloromethyl)uracil 
(dissolved in a small amount of dimethyl formamide) to give a light yellow solid; mp 233-235°; 
yield 95%; 'H nmr 6: 2.72 (m, 8H), 3.42 (s, 2H), 3.52 (m, 16H), 5.52 (s, 4H), 10.26 (s, 2H), 
10.89 (s, 2H); 13C nmr Ö: 53.88, 54.76, 68.92, 69.69, 97.47,151.38,155.16,164.22; hrms calcd 
for C22H34N206 (M+H)+ 511.2518, found 511.2520. 

Anal. Calcd for C22H34N206: C, 51.76; H, 6.71. Found: C, 52.00; H, 6.66. 

7,17-Bis(9,10-anthraquinon-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (7). 

Compound 7 was prepared by general procedure B from 2-(chloromethyl)-9,10- 
anthraquinone to give a light yellow solid; mp 174-175 °; yield 95%; 'H nmr ö: 2.87 (t, J = 5.6 Hz, 
8H), 3.64 (s, 8H), 3.68 (t, J = 5.6 Hz, 8H), 3.88 (s, 4H), 7.79 (m, 6H), 8.24 (m, 8H); 13C nmr 6: 
54.17,59.58,69.99,70.86,126.91,127.08,127.31,132.26,133.28,133.50, 133.52,133.89,133.96, 
134.29, 147.66,182.92,193.23; hrms calcd for C42H42N208 (M+Na)+ 725.2818, found 725.2839. 

Anal. Calcd for C42H42N208: C, 71.78; H, 6.02. Found: C, 72.00; H, 6.42. 

7,16-Bisferrocenylmethyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (8). 

4,13-Diaza-18-crown-6 (1.0 g, 3.8 mmole) and ferrocenecarboxaldehyde (1.72 g, 8.02 
mmole) were mixed in 1,2-dichloroethane (30 ml) and then treated with sodium 
triacetoxyborohydride (2.45 g, 11.5 mmole) [9]. The mixture was stirred at room temperature under 
a nitrogen atmosphere for 12 hours. The reaction was quenched by adding aqueous saturated sodium 
bicarbonate and the product was extracted with chloroform. The chloroform extract was dried and 
the solvent was evaporated. A small amount of methanol was added to the crude product and the 
mixture was ultrasonicated for 30 minutes. The deposit was filtered, washed with cold methanol, 
and dried to give pure compound 8, a dark yellow solid, in an 86% yield. The mp and NMR spectra 
data were identical with those reported [15]. 

Determination of Thermodynamic Quantities. 



Values of log K, AH, and TAS were determined as described earlier [ 13] in absolute methanol 
solutions at 25.0 ± 0.1 ° by titration calorimetry using a Tronac Model 450 calorimeter equipped with 
a 20-ml reaction vessel. The metal ion solutions were titrated into the macrocyclic ligand solutions 
and the titrations were carried out to a 2-fold excess of the metal ions. The titration experiments 
showed that all interactions studied had a 1:1 cation-ligand ratio. The methods used to process the 
calorimetric data and to calculate the log AT and AH values have been described [16]. 
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